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Introduction



The pion vector form factor

[Aoyama et al., 2020]

(m(q1)7 (q2)"|0) = e(qr — g2)"Fy(s)



Elastic regime: discontinuities due to the =7 intermediate state

Form factor: Transition matrix:
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[Cutkosky, 1960]
disc [Fy(s)] = 2ilm [Fy(s)] = 2ic(s)t; (S)Fu(s)

disc [t1(s)] = 2io(s) !fT(S)lz
where o(s) = % - MZ%

Im[Fy(s)] € R = argtyi(s) = arg Fy(s) [Watson, 1954]



Elastic regime: the Omnés solution

Transition matrix: phase shift representation

fi(s) = 0(15) sin(5:(s))e® )

41 can be derived from Roy equations [Caprini et al,, 2012].

Form factor: Omnés-Muskhelishvili solution [Omnés, 1958]

Fu(s) = Q[d1](s)Pa(s)
where Q[&](s)_exp{s/oo ds’&(s’)}

T Jam2 S S —S—le

and Pa(s) can be approximated as a polynomial at low
energies.



Elastic regime: the Omnés solution
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Our goal is to derive a formalism that
- preserves both and :
- maps to Q[&](s) at ;
- provides an accurate description;
- includes contributions from :

- includes (such as p mixing with w
and ¢).



Two-Potential Model




Two-potential model: ¥ and Vg

Vi(s) = V() + Vey(s)
[Hanhart, 2012] (inspired by [Nakano, 1982]).

Assumptions:

- Vis (i.e. only non-zero fori =j = 1);
- all (that induce left-hand cuts) of the
first channel are :
- all the from V are assumed to come from
(or possible );

- no left-hand cuts are allowed in the other channels.



Two-potential model: elastic T-matrix T

T-matrix can be split accordingly: T;(s) = T;(s) + T;(s).
T satisfies the Lippmann-Schwinger equation: T = V + VGT.

el = @]k 4 (e )
Here G, denotes the propagation of channel k.

For instance, in the case of the 27 channel (k = 1), we have

G /d“ > 1 1 .

') Gy PP G —m i (- mr e P
where p, and p; are the momenta of pions with p; — p, = [ and
(p1+p2)* =s.



Two-potential model: resonance T-matrix Ty

Vertices ', are defined as

M =146T, Touw=1+T6, [1(s) = Q[81](s)

For other channels (i > 1) :  T;(s)

Tr can be written as
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Two-potential model: resonance t-matrix tg

Tk can be connected to Vy as

trij = Vrij + VRik ErGRI kSR trej
—_——
p
—  tg=[Ic — VRZ] Vg

Y provides propagation of pions in the presence of elastic
interaction.



Two-potential model: self-energy X,

Self-energy for channel k is derived from the discontinuity
equation:

disc [Xg] = disc [£,GrTkék] = 2iow&pITk]?

This allows for the integral solution for ¥:

s [ ds op(s)E(S)|TR(S)?
Z,?(s):ﬂ/ = k( s)’k—(s)l ;?6( )l
S

thr,k

Subtraction constant for X is absorbed in other model parameters.
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Two-potential model: form factor F;

Form factor F; can be defined as
ORI O OO
§iFi = &M + Ty Gi§M;

where M, denote point-like source terms for channel k.

Fi= rout,/[HC - VRZ]JWMJ
nc
disc[F] =20 ) _ Tior(r/&)Fe
R=1
where n¢ is the number of open channels.

Note: Watson's theorem does not hold above inelastic threshold. 1



Modeling the resonance potential and the source

The resonance potential
Dg v - -
Vii(s) ZQ( ‘ )7 VRij(S) = Vgij(s) — Vgij(0)

where ng is the number of resonances and

oy
(L) (g) = bt
GH(s) = s —m?

The point-like source term

nr
) =ci— 3 g6l
Ll

gff), my, ¢, oD are real parameters of the fit.
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Isospin-violating effects

p mixing with w and ¢

s s
= (1+k . +kK ,
1 1( Ys—m2 +imyl, ¢s—mé+/m¢r¢>

- well-established effect;
- new fitting parameters: k., and xg;
- values for my, 4, T,/ are taken from [PDG, 2020]:

- My acquires imaginary part = breaks unitarity.
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Two-potential model: parameters

Fitting parameters:

m; — resonance masses,
gfl) channel-resonance couplings;
o — n; resonance-photon couplings;
Cp — channel-photon couplings;
Ku/e — 2 Strength parameters for w/¢ mixing;
Note: ¢; = 11is fixed by charge conservation, so only ¢, ..., Cp,

can be adjusted by the fit.



Application




Application: channels and factors

™ With Egprq = 2My & 279 MeV;
4qr with Ethnz =4m, ~ 558 MeV,

mOw With Egpr3 = My + My, & 922 MeV,

Phase space, centrifugal barrier, cross section
For a 2-body channel:
)‘(S7m%7m§) )\(S,m%,mé)

) gab(s) = 3s

Tan(s) = 167 s

where A (s, m?, mi) = (s — (i 4= mb)2> (s — (i = mb)z) and |Pens| = /A/4s.

Gere—i = () ()T IFi(S)
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Application: phase space, centrifugal barrier, vertex

47 channel:

78] = 167 s
_ 2
&(s) = \/ %

Vertex factor for 47 and 7% channels:
/\2
“A+s

1 [ 1em2

2(s) = Ts(s)

A = systematic uncertainties.



Application: self-energy

Sclf-Energy (channel 1)
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Application: fitting data

1. The =7 P-wave scattering phase:
[Caprini et al., 2012];

2. The vector pion form factor:

[BaBaR, 2012];
3. The ete™ — 7% cross section:

[BaBaR, 2017, CMD-2, 2003, SND, 2000, SND, 2016];
4. The 7 elasticity parameter:

[Garcia-Martin et al, 2011];

5. The non-27 over 2w cross section ratio:
[Eidelman and tukaszuk, 2004].



Results




Results: issue with
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Fitting parameters for 3 channels [, 47, 7°w] and 3 resonances:

my = 1313 & 13 MeV gy = —0.07 £ 0.03
m, = 2027 = 27 MeV. gy = —5.33 £ 0.19
my = 2860 == 51 MeV. g3 = 1.67 & 0.13

aj = —0.56 & 0.01
 =12.9+1.0
ke = —0.002 = 0.0008

ay = —0.002 + 0.007
€3 =3.13£0.25
kg = 0.0005 = 0.0024

2000 2500 3000
o1 = 0.12 & 0.48 g3 = —4.85 + 0.63
gy = 2.89 £ 0.16 g3 = —24.0 £ 0.07
g3 = 25.0 £ 1.5 g3 = —8.75+1.2

a3 = —0.14 £ 0.03
x2/d.of. = 3.13 (excluding r data set)
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Removing input Q[](s)

Hanhart, 2012

M= Q[Sj](S);
01(s) is used as input;
7% couples with p via 7;

contribution of p is included
in the input phase;

Gounaris and Sakurai, 1968

M= /\2/(/\2 +S)
(s) is part of the x?
7% couples with p directly;

contribution of p must be
reconstructed within the
model parameters;
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Results for Gounaris-Sakurai model
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Results for Gounaris-Sakurai model

my, = 806 + 2 MeV m, = 1667 + 23 MeV  m3 = 2423 + 36 MeV
gn = —6.0+£0.3 Jn = —0.53+0.17 giz = 1.59 £ 0.22
gn=—050+0.07 gp=-—4N£0.07  gn=-773+027

gy = 4.29 +0.32 g3 = —24.5 £ 1.1 gy = —24.8 £ 1.4
a1 =—0.474+0.02 a;=-0343+0.004 a3=0.13%0.07
G=-1242 3 =122+0.16

ke = 0.020 £ 0.009 Ky = 0.001 £ 0.004

x2/d.of. = 5.05 (excluding § data set).

x%/d.0f = 88.32 (including 4 data set).
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Conclusions

Two different dispersion-theoretical approaches were applied

to wm scattering in P-wave:

Perfect matching at low
energies, scattering phase
and elasticity;

unable to reconstruct p peak
in the 7% cross section;

could be improved by
introducing contact terms in
the potential;

The pion vector form factor
as well as the 7% cross
section data are described
simultaneously;

too simple to accurately
reconstruct the scattering
phase.
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Thank you

Thank you for your attention!
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Backup slides




Isospin-violating effects

Resonances mixing with the photon

—_ + A + ...

G G= [Ir — GSaaT} G



Isospin-violating effects

Resonances mixing with the photon

nr
— A(D) A 1Y A (L — — CiCy
Uri(s) = = > 816481, Vky(s) = Vai(5) = Uy (0) — €=

- No new parameters;
- To retain normalization at s = 0, we must transform ¢; as

- € 2 [ d5'or(S)ER(S)ITr(S)I?
Ci— G (1 + . ;CR /Swf,- (S,)2




Phase space for a 4-body state

n-particle phase space [PDG, 2020]

d?q;
do, = o EID, Zq/ (27) 32154
1:1

where EJ’ =, /m/.2 < d'/? pj are the initial momenta, while q; are the final ones.
J

Near-threshold scaling

d¢n ~ |6M|3n_5

where |Gy| is the maximum momentum observed in the final state at given energy /5.
For a final state of n identical particles with masses m,

. (nm)?
~ 1 —
|Gm] S
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